Introduction
Lewy bodies are hallmark lesions of Parkinson's disease (PD) 1 that appear in dopaminergic neurons of the substantia nigra and other brain regions (1) (2) (3) (4) . They consist primarily of the protein α-synuclein aggregated into filaments having non-twisted (5-10 nm width) or twisted (5 -18 nm width) morphology (5) (6) (7) (8) . Filamentous α-synuclein inclusions are also found in other synucleinopathies including dementia with Lewy bodies (DLB) and multiple system atrophy (2, 8, 9) . In addition, Lewy body pathology frequently overlaps with the lesions of other neurodegenerative diseases including Alzheimer`s disease (10-16), Down's syndrome (17) , and neurodegeneration with brain iron accumulation type 1 (Hallervorden-Spatz syndrome; Ref. 18 ).
Because specific point mutations in the α-synuclein gene cause rare, early-onset, autosomaldominantly inherited PD cases (19) (20) (21) , it has been suggested that misfunction of α-synuclein plays a primary role in the pathogenesis of synucleinopathies.
Full-length, recombinant α-synuclein has been shown to aggregate in vitro near physiological pH into filaments morphologically indistinguishable from those found in Lewy bodies (7, 22, 23) , but the reaction requires high protein concentrations to support measurable fibrillization over time courses ranging from days to weeks (23) (24) (25) . Fibrillization can be Fluorescence Assay. α-synuclein (4 -70 µM) was aggregated at 37°C in Assembly Buffer as described above except that the reactions contained 20 µM ThT. Resultant changes in fluorescence were monitored at λ ex = 440 nm and λ em = 485 nm (40, 41) . To assay the degree of α-synuclein fibrillization under near equilibrium conditions, fluorescence was measured after 16 h incubation in a FlexStation plate reader (Molecular Devices, Sunnyvale CA). To assay fibrillization in real time, fluorescence was measured with continuous stirring at constant rate for up to 44 h in a PTI fluorimeter (1 nm bandwidth, 800 V, gain 12.5, and slit 16). These reactions (4 ml) were initiated by the addition of 30 -70 µl C 12 H 25 SO 4 Na (20 mM).
Kinetic analysis.
Fluorescence time courses were fit to the logistic differential equation (42):
where F t is the ThT fluorescence at time t, F ∞ is the ThT fluorescence at equilibrium, and m and b are the slope and y-intercept of each straight line. From these plots, the half-time to maximum fluorescence, t 50 , was determined as the time when log(F t /(F ∞ -F t )) = 0 (42) . The apparent first order rate constant for growth of ThT fluorescence, k app , was derived from the slope m, where k app = m(ln10), and reported in units of time -1 . Lag times, which were defined as the time point where the tangent of the point of maximum polymerization rate intersected the abscissa of sigmoidal reaction progress curves (43) , were calculated as t 50 -2τ, where τ = 1/k app (44) . Both k app and lag time are comparable to values calculated using integral logistic equations (44).
Although they are composite parameters unequal to underlying elementary rate constants, they are useful for purposes of comparison. Because α-synuclein fibrillization follows a nucleation dependent mechanism (45), lag time was assumed to reflect filament nucleation, whereas k app was taken as the macroscopic rate constant for the entire filament population during the exponential phase of growth.
CMC Measurements.
Detergents or AA suspended in Assembly Buffer at varying concentrations (1 µM -50 mM) were incubated 1 h in the presence of 10 µM N-phenyl-1-naphthylamine after which fluorescence intensity was read directly in a PTI fluorimeter (λ ex = 346 nm; λ em = 420 nm; 1 nm bandwidth, 800 V, gain 12.5, and slit 16) jacketed at 37 o C. When present, α-synuclein was maintained at 4 µM for the positively charged detergents and at 15 µM for the anionic detergents and AA. CMCs were estimated from abscissa intercepts after least squares linear regression as described previously (46) and were expressed as CMC ± S.E. of the estimate. Only data points within 5-fold of the CMC were used to calculate CMC.
Nomenclature. to 70 µM recombinant α-synuclein after just 4 h of incubation at 37ºC without agitation (Fig.   1A) . Filaments mostly had non-twisted morphology under these conditions, with widths varying from 5 -14 nm (Fig. 1A) . As α-synuclein concentrations were raised, however, significant numbers of twisted filaments with estimated widths of 12 -20 nm were observed (Fig. 1B) . In contrast, incubations with vehicle alone invariably produced few filaments over 16 h of incubation, even at 30 µM α-synuclein ( Fig. 1C ; see time course below). Together these data confirmed that arachidonic acid was an efficacious accelerator of α-synuclein fibrillization, and that the resultant filaments were morphologically similar to both those obtained from protracted incubation of recombinant α-synuclein without inducer and to those found in disease tissue (6, 7, 22, 23 1D) . Although heparin induced a small amount of fibrillization within 16 h as shown previously (30), the signal produced in the fluorescence assay was negligible relative to those obtained from anionic detergents and arachidonic acid (Fig. 2) . Together these data showed that both straight alkyl chain anionic detergents and fatty acids (but not cationic or nonionic detergents) were strong inducers of α-synuclein fibrillization and far more efficacious than heparin.
Mechanism of Detergent-mediated α-synuclein Fibrillization. To assess potency, fibrillization activity of fatty acids and alkyl sulfates was quantified as a function of both inducer and α-synuclein concentrations. All resultant dose response curves were biphasic (representative data from fluorescence assays are shown only for the anionic detergent C 12 H 25 SO 4 Na in Fig. 2 ).
Some of the curves showed a clear abscissa intercept, which was especially pronounced for short-chain detergents. For C 12 H 25 SO 4 Na, this threshold was approximately 100 µM, below which no fibrillization activity was detectable after 16 h of incubation (Fig. 2) . Above this threshold concentration, maximal filament yield increased with increasing detergent concentration to an optimum and then decreased. The optimal detergent concentration depended on α-synuclein concentration (Fig. 2) . Plots of optimal inducer concentration versus α-synuclein concentration were linear for arachidonic acid and all anionic detergents tested except C 12 H 25 SO 4 Na, showing that fibrillization efficiency depends on the detergent:α-synuclein ratio (Fig. 3) . Under optimal detergent/α-synuclein ratios, the minimum α-synuclein concentration required to support measurable detergent-induced fibrillization (i.e., the x-axis intercept) was between 1 and 2 µM for all inducers. These data suggest that the minimal concentration of α-synuclein required to support fibrillization is no greater than low micromolar under these conditions.
Detergent-induced α-synuclein Fibrillization Correlates with Micelle Formation.
The molar ratio of detergent:α-synuclein yielding maximum activity differed for each detergent tested ( Fig.   3 ). Replots of these data revealed a log-linear inverse relationship with alkyl chain length, suggesting that hydrophobic interactions were a major determinant of inducer potency (Fig. 4) .
To determine whether these hydrophobic interactions involved detergent micellization, CMC values for arachidonic acid and alkyl sulfate detergents were measured in the presence and absence of α-synuclein. Consistent with earlier observations (47) the CMC for AA in Assembly
Buffer alone was measured as 236 ± 12 µM, which was well above the concentration required for acceleration of α-synuclein fibrillization. When CMC was measured in Assembly Buffer complete with α-synuclein at 15 µM, however, the CMC decreased to 10.3 ± 4.8 µM. This magnitude of CMC depression is similar to that induced by tau protein (48) . These data show that fatty acids such as AA aggregate to form micelles at much lower concentration in the presence of α-synuclein than in its absence.
These observations were extended to a series of alkyl sulfate detergents, which follow a loglinear relationship between CMC and alkyl chain length when analyzed in water (49) . The slope of this relationship is proportional to the free energy contribution of transferring methylene groups from solvent to micelles (49) . When measured in the presence of Assembly Buffer (without α-synuclein), the relationship between log CMC and alkyl chain length remained linear but was depressed (relative to values measured in water) owing to the presence of neutral electrolyte (100 mM NaCl) in the buffer (50) . The free energy of micelle formation per methylene group determined from the slope of this plot was 264 ± 65 kcal/mol (Fig. 5 ). When measured in Assembly Buffer complete with α-synuclein, however, CMC values depressed still further, so that they were one order of magnitude below values observed in buffer alone (Fig. 5 ).
Yet the free energy of micelle formation per methylene group determined from the slope of this plot (237 ± 38 kcal/mol) was statistically indistinguishable (p < 0.05) from the value determined for Assembly Buffer alone.
These data show that α-synuclein exerted a profound effect on the micellization of anionic detergents, that the micelles formed in the presence of α-synuclein resembled authentic micelles with respect to their free energies of formation, and that anionic micelles were present under all assembly conditions that yielded α-synuclein filaments (e.g., Fig. 1 ).
Anionic Liposomes Induce α-synuclein Fibrillization. To determine whether lipids could substitute for anionic detergents as fibrillization inducers, α-synuclein (5 -50 µM) was incubated (4.5 h at 37ºC) with liposomes freshly prepared from 25 -400 µM PS, PA, PC, PI, PIP, or PIP 2 and analyzed using the electron microscopy assay. CMCs for these lipids in aqueous solution have been estimated in the nanomolar range (51), assuring that they were almost completely vesicular prior to incubation with α-synuclein protein. Examination of reaction products by electron microscopy showed the presence of vesicles and abundant filaments and/or filamentous conglomerates with the anionic liposomes composed of PS, PA, PI, PIP and PIP 2 (data for PS, PA, and PIP 2 shown in Fig. 6 ). At high magnification, a portion of well resolved filaments could be seen associated endwise with vesicles ( Fig. 6) . In contrast, PC liposomes yielded extremely few filaments (data not shown). These data show that anionic but not zwitterionic liposomes accelerate α-synuclein fibrillization, and suggest that the mechanism of polymerization induction may involve nucleation of filaments at the vesicle surface.
Kinetics of Detergent Induced α-synuclein Fibrillization. To determine whether anionic detergents influence filament nucleation, the kinetics of micelle-mediated α-synuclein assembly was followed by ThT fluorescence over a period of up to 44 h in the presence of 0, 150, 200, 250, 300, and 350 µM C 12 H 25 SO 4 Na at 37ºC with constant agitation. Reactions were initiated by the addition of C 12 H 25 SO 4 Na (when present), which produced a small immediate rise in fluorescence followed by a much larger sigmoidal increase in fluorescence over time (shown for 350 µM C 12 H 25 SO 4 Na in Fig. 7, top) . The final equilibrium level achieved was roughly proportional to C 12 H 25 SO 4 Na concentration (see Fig. 2 ). All curves were consistent with nucleation-dependent kinetics (52) . Replotting these data assuming a logistic process (53) yielded straight lines of varying slopes, showing that all reaction progress curves remained logistic even when accelerated in the presence of detergent (Fig. 7, bottom) . Kinetic parameters of lag time and k app were derived from each of these curves as described in Experimental
Procedures. In the absence of detergent, 5 µM α-synuclein aggregated with a lag time of 16.1 h and k app of 0.32 h -1 (Fig. 7, top inset) . Similar values had been obtained previously using nonHis tagged α-synuclein (30). Plotting these parameters versus inducer concentration (Fig. 8) revealed that as C 12 H 25 SO 4 Na approached optimal concentrations (~350 µM at 5 µM α-synuclein; Fig. 2 ), fibrillization lag time decreased to as low as ~11 min while k app increased to as high as 10.4 h -1 . Together these data show that incubation of α-synuclein with anionic detergent micelles leads to the greatest acceleration of α-synuclein fibrillization yet described in vitro, and suggests that it results in part from greatly enhancing filament nucleation. The requirement for an anionic head group could be met with sulfate or carboxylate moieties, and could be presented as part of a phospholipid head group as in the case of PS. The activity of PA, PI, PIP, and PIP 2 suggests that phosphate headgroups also support α-synuclein fibrillization.
The negative charges appear to supply more than just hydrophilic character to support micelle formation, because neither cationic nor nonionic detergents of similar alkyl chain length or CMC induced α-synuclein fibrillization. Moreover, zwitterionic micelles or vesicles composed of zwittergent 3-16 or PC did not accelerate α-synuclein fibrillization. The reported modest binding of α-synuclein to zwitterionic phospholipids like PC (56,57) is consistent with the observations reported here. Therefore it appears that the key role of ionizable groups is to present a negatively charged surface on the micelle or vesicle.
Anionic surfaces have been shown to promote protein aggregation and fibrillization at low protein concentrations (58) . Binding to these surfaces may concentrate α-synuclein molecules such that the energy barrier for nucleation is overcome as suggested for other aggregating proteins (39, 47) . Consistent with this hypothesis, α-synuclein filaments occasionally could be observed extending from the surface of vesicles comprised of pure anionic lipid (Fig. 6) . This observation does not, however, rule out the possibility that α-synuclein partially inserts into the hydrophobic core of the vesicles in these complexes. Association of α-synuclein with anionic surfaces can also lead to stabilization of helical secondary structure (33,36) which could be an intermediate on the pathway to fibrillization as it is with β-amyloid (59) and insulin (60) . In these cases, fibrillization proceeds after transition of the partially folded intermediate from α-helix to β-sheet (61).
The fibrillization of α-synuclein has been modeled as a nucleation-dependent process because it is accompanied by a lag phase, shows a seeding effect, and is supported by a minimal concentration of monomer at equilibrium (45) . Like other amyloids, α-synuclein is thought to fibrillize according to the general scheme: In addition to colocalizing with synaptic vesicles (71-75), aggregates of α-synuclein can be found on the surface of the rough endoplasmic reticulum (76) . Expression of α-synuclein in neuronal culture leads to membrane association, which may serve to trigger aggregation (77, 78) .
Consistent with this hypothesis, lipids have been found associated with authentic human brain Lewy Bodies (79, 80) . Together these data suggest that events that enhance or prolong the association between small amounts of α-synuclein and cellular membranes with significant suggesting that fibrillization was measurable down to these levels of α-synuclein. 
